The relationship between local cerebral glu cose utilization (LCMRglc) and local CBF (LCBF) is known to be disturbed in regions surrounding an acute focal ischemic lesion-areas that undergo repeated tran sient depolarizations. In this study, we evaluated the re lationship between LCMRglc and LCBF in the acute focal ischemic penumbra to quantify metabolism-flow uncou pling, and we related these findings to local electrophys iological measurements. A novel strategy utilizing three dimensional (3D) autoradiographic image averaging yielded group 3D reconstructions of LCBF, LCMRg 1C' and the CMRlCBF ratio. The distal right middle cerebral artery of Sprague-Dawley rats was occluded by laser driven photothrombosis following administration of the photosensitizing dye rose bengal; this was coupled with permanent ipsilateral and I-h contralateral common ca rotid artery occlusions. LCBF (n = 7) and LCMRglc (n = 7) were measured autoradiographically at 1.25 and 1.5-2 h postocclusion, respectively, in matched animal groups. Within the ischemic penumbra (defined as having LCBF of 20-40% of control or 0.23-0.47 ml g-J min -J ) , LCM Rglc showed a heterogeneous pattern with values ranging Coupling of cerebral metabolism and blood sup ply was first described by Roy and Sherrington (1890). With the advent of autoradiographic strate gies for measuring local CBF (LCBF) (Reivich et
from near normal to markedly increased. The resulting CMRglc/CBF ratio in this zone was 234 ± 100 fl-moUlOO ml (mean ± SD), representing a severe degree of metab olism-flow dissociation when compared with the CMRglcl CBF ratio of 51.0 ± 28.7 fl-molll00 ml of the contralateral (normal) hemisphere. Metabolism-flow uncoupling was confined to the ipsilateral cortex and was most prominent at the anterior and posterior coronal poles of the ischemic lesion. In the frontoparietal penumbra, where marked un coupling was observed, sustained deflections of the DC potential were recorded, which increased significantly in duration over the initial 65 min postocclusion. Both the heterogeneous pattern of LCMR Ie and the widespread distribution of increased CMRgJCBF ratio in the isch emic penumbra are thought to reflect the metabolic con sequences of periinfarct depolarizations. Analysis of av eraged 3D autoradiographic data sets provides a powerful means for assessing metabolism-flow uncoupling sur rounding an ischemic focus. Key Words: Autoradiogra phy-Direct current potential-Electrocorticogram Focal ischemia-Image analysis-Local cerebral blood flow-Local cerebral glucose utilization. aI., 1969; Sakurada et aI., 1978) and local cerebral glucose utilization (LCMRglc) by means of [14C] 2_ deoxy-o-glucose (2-DG) (Sokoloff et aI., 1977) , it was demonstrated that tight regional coupling of glucose metabolism and blood flow existed in vari ous brain structures under normal conditions (Rei vich, 1974; Ginsberg et aI., 1986) and in a variety of states including functional activation (Sokoloff, 1981; Ginsberg et aI., 1987) , electrical brain stimu lation (Iadecola et al., 1983) , and metabolic acidosis (Kuschinsky et aI., 1981) .
In cerebral ischemia, however, this couple is se verely disturbed. Pulsinelli et aI. (1982) reported a proportionately greater depression of postischemic CBF in comparison to glucose utilization in a model of transient forebrain ischemia. Following revers ible hemispheral forebrain ischemia, Ginsberg et al. (1985) observed nearly normal LCMR g lc in the pres ence of depressed flow during the early postisch emic period, which coincided spatially with the pre dominant locus of neuronal injury-the striatum. In experimental models of focal ischemia, a consistent pattern of LCMR g lc has been described in the acute stage: namely, a core area of greatly depressed LCMR g lc surrounded by a zone having increased deoxyglucose uptake (Ginsberg et aI., 1977; Welsh et aI., 1980; Hossmann et aI., 1985; Nedergaard et aI., 1986) . Following transient occlusion of the mid dle cerebral artery (MCA), regions of marked met abolic depression exhibited a very severe reduction in blood flow (Tanaka et aI., 1985) . In the peripheral MCA territory, regions with no histological damage showed parallel decreases in LCBF and LCMR g lc, indicating a preserved metabolism-flow couple, whereas regions having a similar degree of flow re duction but increased 2-DG accumulation devel oped slight ischemic damage (Tanaka et aI., 1985) . Thus, metabolism-flow uncoupling in the ischemic borderzone is regarded as a factor contributing to infarct development. Nonetheless, the mechanisms underlying this uncoupling process are incom pletely understood.
In the penumbral region of acute MCA occlusion in the cat, Strong et a\. (1983) described transient elevations of pial surface potassium activity that re sembled the synchronized periinfarct cell depolar ization demonstrated by Nedergaard and Astrup (1986) . These spontaneously occurring depolariza tions bear an electrophysiological resemblance to spreading depression (SD) of cortical electrical ac tivity originally described by Leao (1944) . It is known that SD is associated with increased glucose consumption (Shinohara et aI., 1979) , probably due to an increased energy demand of A TP-dependent ion pumps. In the energetically compromised pen umbra, the SD-associated blood flow response (transient hyperperfusion) is abolished and repolar ization delayed (Back et aI., 1994a) . It is likely that the metabolic activation associated with transient depolarization is at least partially responsible for the observed increases in penumbral 2-DG uptake. As SD has been shown to lead to sustained metab olism-blood flow uncoupling in the intact brain (Lauritzen and Diemer, 1986) , it is conceivable that periinfarct depolarizations would accentuate that process in the moderately ischemic penumbral (or borderzone) region of an evolving focal infarct.
In the present study, we sought to quantify the ratio between LCBF and LCMR g lc in the acute pe riod following MCA occlusion and to relate these findings to electrophysiological measurements in the infarct borderzone. From the studies cited, it appears that analysis of blood flow and glucose uti lization, when carried out in individual animals and limited to two dimensions, may be limited in its ability to depict the full spatial extent and regional pattern of uncoupling in the infarct periphery. In the present article, we demonstrate ischemia-related metabolism-flow uncoupling in its three-dimen sional (3D) representation by using a newly devel oped method of computer-based image analysis (Zhao et aI., 1993 (Zhao et aI., , 1994 . Importantly, this method permits averaged 3D image data sets derived from replicate animal studies to be constructed for CMR g lc and CBF, and for a ratio data set of the CMR g lc/CBF couple to be generated (Zhao et aI., 1994) . It is evident that these studies deal with a complex event requiring high spatial resolution and precision in the measurement of CMR g lc and CBF.
We have chosen to avoid a double-tracer study be cause the precision of the CBF measurement is compromised and the double-study method neces sitates that LCBF be measured during the final mo ment of the LCMR g lc study rather than at its epi center (Ginsberg et a\., 1986) . LCMR g lc and LCBF were me a sured in two separate groups of animals, at 1.25-2 and at 1.5 h, respectively, after onset of MCA occlusion. A novel stroke model of distal MCA photothrombosis coupled with common ca rotid artery (CCA) occlusions was applied, which has been shown to produce a highly consistent pat tern of infarction (Markgraf et aI., 1993; Yao et aI., 1993) . Preliminary results of this investigation have been reported in abstract form (Back et aI., 1994c) .
MATERIALS AND METHODS
Studies were carried out in 26 male Sprague-Dawley rats weighing 260-500 g. All animals underwent distal MCA photothrombosis coupled with 1-h contralateral and permanent ipsilateral CCA occlusions. The rats were as signed in a randomized manner to experiments employing the measurement of either LCBF or LCMRglc centered at 1.5 h following MCA occlusion (n = 7 each). In a third animal group, EEG and DC potential were recorded in the infarct borderzone, in which CBF was moderately reduced (n = 8). In sham-operated animals (n = 4), elec trophysiology was measured. One day later, sham ani mals underwent perfusion-fixation, and brains were par affin embedded, stained with hematoylin-eosin, and ex amined histologically to confirm an absence of pathological changes.
Surgical preparation
Before surgery, rats were food-deprived for 12 h. An esthesia was induced with 3% halothane and continued via a mask with 1.5% in a 7:3 mixture of nitrous oxide and oxygen. Both femoral arteries and one vein were cannu lated with PE-50 tubing to record blood pressure contin uously, to obtain arterial samples, and to administer drugs and isotopes. The rats were endotracheally intu bated, immobilized with pancuronium bromide (0.3 mg/kg i. v.), and artificially ventilated at a rate of 50 breaths/min. The halothane concentration was reduced to 0.75%. Rec tal and ipsilateral temporal muscle temperatures were both measured and were maintained at 36.9 ± 0.3 and 36.5 ± O.soC, respectively (means ± SD), using two feed back-controlled heating lamps placed over the animal's body and head.
The surgical procedure was performed as described previously (Markgraf et a!., 1993; Yao et a!., 1993) . Both CCAs were exposed by a ventral midline incision in the neck, dissected free, and surrounded by a loop of PE-lO tubing contained within 20-mm segments of bilumen Si lastic tubing. After the rats were mounted in a stereotaxic headholder, a 1.5-cm vertical incision was made between the right eye and ear. The zygomatic and squamosal bones were exposed by separation and retraction of the temoralis muscle. With an operating microscope (model 50 T; Carl Zeiss, Thornwood, NY, U.S.A.), a burr hole -3 mm in diameter was made with a high-speed drill ros tral to the anterior junction of the zygomatic and squamo sal bones, leaving the dura intact. The distal segment of the right MCA was exposed above the rhinal fissure.
Photochemically induced distal MCA thrombosis
Three points of laser irradiation were directed onto the exposed MCA and were positioned predominantly at dis tal branching points according to the criteria described by Markgraf et a!. (1993) . Irradiation was performed with an argon laser-activated dye laser (Coherent, Palo Alto, CA, U.S.A.) tuned to 562 nm at a power of 20 mW. The single laser beam was split into three beams by a Ronchi ruling and focused by a spherical lens of 25-cm focal length. The separated beams could be positioned individually by a mirror onto a designated point of the distal MCA. The right side of the stereotaxic frame was tilted slightly up ward so that the laser would strike the vessel perpendic ularly. The photosensitizing dye rose bengal (15 mg/ml, 1.34 mUkg body wt) was administered intravenously over 1.5 min. Subsequently, the three points of the MCA were simultaneously irradiated for 3.5--4 min until complete MCA occlusion was verified by microscopic observation. Five minutes after onset of irradiation, the snare ligatures around both CCAs were tightened for bilateral occlusion to restrict the extent of collateral blood flow to the isch emic MCA territory. The right CCA remained occluded, whereas the contralateral CCA occlusion was released after 1 h. Reperfusion was verified microscopically.
Autoradiographic measurement of LCBF and glucose utilization
To measure LCBF, 14C-labeled iodoantipyrine was in jected 1.5 h after induction of focal ischemia. Twenty micro curies of the radioactive tracer (specific activity 40 /LCi/mmol; New England Nuclear) dissolved in 1 ml of isotonic saline was infused intravenously at a constant rate over 45 s via a Harvard infusion pump. Arterial blood was sampled at -2-s intervals from a freely flowing fem oral arterial line. In the second animal group, LCMRglc was measured with 2-DG. An intravenous bolus of 20 /LCi 2-DG (specific activity 40--45 /LCilmmol; New England J Cereb Blood Flow Me/ab, Vol. 15, No.4, 1995 Nuclear) dissolved in 0.1 ml saline was administered at 1 h 15 min post-MCA occlusion. Arterial blood samples were drawn every 10 s during the first minute, at I-min intervals x 5 min, and at 2.5-to 5-min intervals for the remainder of the 45-min study period (the centroid of the 2-DG uptake period thus being close to the time point of the CBF study). Plasma samples were assayed for 2-DG by liquid scintillation counting and for plasma glucose by a glucose analyzer (YSI, Yellow Springs, OH, U.S.A.).
Both autoradiographic studies were terminated by de capitation; brains were removed in <1.5 min and frozen in liquid nitrogen. In a cryostat at -20°C, the brains were carefully embedded and serially cut into 20-/Lm-thick co ronal sections at 100-/Lm intervals as described previously (Zhao et a!., 1994) . Together with calibrated e4C]meth ylmethacrylate standards, the sections were exposed to Kodak Hyperfilm I3max film for 10 days. By means of a densitometric scanning system (Optronics Colors can C4lO0) interfaced to an image processor (Grinnell Sys tems) and a clustered MicroV AX computer system (Dig ital Equipment Corp.), the autoradiographic films were converted to digital images of optical density. The oper ational equations of the iodoantipyrine method (Sakurada et a!., 1978) and the 2-DG method modified for variable plasma glucose (Sokoloff et al., 1977; Savaki et al., 1980) were used to compute LCBF and LCMRg\c, respectively.
Electrophysiological measurements
In these rats (n = 8), in addition to the surgical proce dure described, a right-sided trepanation of the frontopa rietal skull was performed to place a miniature calomel electrode on the intact dura. The position, 2 mm lateral and 0-0.5 mm anterior to bregma, was chosen to measure electrophysiology in a region of moderate flow reduction as shown in the LCBF study (20-50% of control). The reference electrode was placed on the contralateral skull. Connection between tissue and electrode was established by a saline-rinsed cotton wick. The signal was transduced to two differential amplifiers (BMA-931 ; CWE, Ardmore, PA, U.S.A.) and displayed as EEG and DC potential on a chart recorder (TA5000; Gould, Valley View, OH, U.S.A.). Both EEG and DC potential were measured be fore, during, and for 3 h after vascular occlusion.
Computation of average 3D autoradiographic image data sets
The reconstruction of 3D autoradiographic images was performed on the V AX computer system. The procedure is based on a novel image alignment algorithm whose the ory and practical validation have been described previ ously in detail (Zhao et a!., 1993 (Zhao et a!., , 1994 . A linear affine transformation was used to register sequential coronal sections of each brain, and transformation parameters were calculated by point-to-point disparity analysis. De composition of the transformation parameters revealed translation, rotation, scaling, and shearing factors be tween coronal sections (Zhao et a!., 1993 (Zhao et a!., , 1994 . The alignment of each coronal section to its adjacent neighbor was performed by applying a reverse transformation with the estimated translation and rotation parameters.
After alignment of individual LCBF or LCMRgl C im ages, corresponding coronal sections from all brains of the same experimental group were placed in register with one another using a common coronal reference level (bregma + 0.7) (Paxinos and Watson, 1982) . One brain of each series served as a template, into whose contours corresponding sections of the other brains were mapped at each coronal level, by means of an averaging procedure similar to that employed for alignment. In this manner, 3D reconstructions of quantitative LCBF and LCMRg 1 c average data sets were calculated and could be displayed on a video screen. Similarly, 3D image data sets repre senting standard deviation of the CBF and CMRglc images were also obtained.
The CMRglc/CBF ratio image was calculated by apply ing the following equation:
( 1) where Rk denotes the mean ratio value at pixel k, Pik is the LCMRglc reading at the kth pixel from the ith animal in the LCMRglc study group with a total of N (N = 7) animals, and Q j k is the LCBF reading at the kth pixel, geometrically corresponding to that of LCMRglc reading, from the jth animal in the LCBF study group with a total of M (M = 7) animals.
The program used for image analysis allowed us to dis play every single coronal section of each 3D map sepa rately, both on the average images and on the individual images from which they were derived. By means of a drawing tool, regions of interest (ROIs) could be delin eated to measure the mean and standard deviation values of the respective variables (LCBF, LCMRglc). A thresh olding tool allowed us to produce selective 3D recon structions depicting only those pixels lying within pre defined thresholds for LCMRglc, LCBF, and the CMRglcl CBF ratio. In addition, the volume of such 3D threshold images could be computed. To exclude from analysis those LCMRglc values lying within severely ischemic tis sue regions (in which the quantitative 2-DG model cannot be rigorously applied), we elected to study specifically those pixels of the 3D image data sets having a range of moderately reduced blood flow (defined as 20-40% of contralateral values) to permit the study of the phenom enon of metabolism-flow uncoupling in the infarct bor derzone. In light of the findings of and Nakai et al. (1987) , as well as our own obser vations using [14C]methylglucose at 1.5 h after photo thrombotic MCA occlusion in this model (Yao et aI., 1995) , brain glucose content, and hence the lumped con stant of the 2-DG model, can be assumed to be virtually unchanged in borderzone regions (i.e., CBF ?20% of control).
Data analysis and statistics
Values are expressed as means ± SD. Statistical dif ferences between experimental groups were assessed by analysis of variance, including repeated-measures analy sis of variance followed by Tukey's honestly significant difference test. For ROI analysis, the z-test for means with known variance was applied to test for significant differences between the two hemispheres. Statistical sig nificance was accepted at the p < 0.05 level unless oth erwise stated.
RESULTS

Physiological variables
As shown in Table I , the physiological variables were kept within the normal range throughout the experiments. No significant differences were de tected between experimental groups or during the course of the experiment (the latter data not shown).
3D reconstruction of LCBF
Mean CBF of the contralateral nonischemic hemisphere, as evaluated in the averaged 3D data set, was 1.17 ± 0.48 ml g -I min -I . This value cor responded closely to resting CBF values deter mined in our laboratory in intact animals under identical experimental conditions (1.20 ± 0.24 ml g-I min-I ) (T. Back et aI., unpublished) and was taken to represent 100% of control. In this hemi sphere, no focal areas of reduced flow were de tected. The pattern of flow reduction in the isch emic right hemisphere was characterized by a marked flow gradient from cingulate to frontolateral cortex, with LCBF ranging from 0.01 to 0.80 ml g-I min -I ( Figs. 1-3A ; Table 2 ). The averaged 3D LCBF map revealed the most severe flow reduction to be located in the lateral portion of the frontopa rietal cortex, extending posteriorly beyond the level of hippocampus (Figs. 2 and 3A) . More moderate flow reductions covered the remainder of the distal MCA territory but also spread, to a lesser degree, to adjacent parts of neighboring vascular territories (medial striatum, cingulate cortex, basal temporal cortex). Following the criterion of Tyson et al. (1984) , we chose 20% of control level as the CBF threshold for ischemic injury in normotensive Sprague-Dawley rats to define the ischemic core. In the ischemic hemisphere, a volume of 117 ± 55 mm 3 exhibited flow values below 0.23 ml g-I min-I (20% of control). This volume corresponds closely to infarct volumes previously reported in this model (Markgraf et aI., 1993) . Borderzone flow values Mean values ± SD. CBF, CMRglc, DC pot.: groups studied for local CBF, CMRglc, or direct current potential, respectively. 
Level B Level
3D reconstruction of cerebral glucose utilization
Mean CMR g Jc in the left hemisphere was 39. 6 ± 12.5 fLmol 100 g-I min-I . In the ischemic right hemisphere, metabolic suppression below 50% of the contralateral value was observed in a volume of 85 ± 43 mm 3 • Pixels with those values were located within the ischemic core of the infarct (Fig. 2) . Within the infarct borderzone (defined, as previ ously, by the CBF criterion of 0.23-0.47 ml g-I min -1), glucose utilization was remarkably pre served (Table 2; Table 2 ).
The two representative coronal levels A and B are displayed as anatomic templates with numbered ROls. Level A is located in the in farct center and corresponds to three-dimen sional image section no. 30. Level B is -2 mm more posterior (section no. 47 of the three-dimensional reconstruction). The ar row in template A marks the site of electro physiological recording. a maximum of 160 fLmol 100 g-I min -I (Fig. 5 ). Due to interanimal variation in the topography and extent of LCMR g Jc in the ischemic borderzone, however, marked hypermetabolism was not equally reflected in the averaged LCMR g lc image. The rela tionship between hemispheric brain volumes af fected by CBF reduction and metabolic suppression is shown in Fig. 4 . For comparable degrees of re duction, significantly larger volumes of the isch emic hemisphere were affected by reduction of LCBF than by depression of LCMR g l c' This disparity increased markedly at higher flow ranges (Fig. 4 ).
3D reconstruction of cerebral glucose metabolismlblood flow ratio
The mean CMR g lc/CBF ratio in the left nonisch emic, hemisphere, as determined in the averaged ratio image, was 51.0 ± 28.7 fLmol/lOO ml. All ratio , and CMR g 'c/CBF ratio images de rived from three-dimensional reconstruction of averaged data sets. Quantitative data are dis played only for the image pixel subset having LCBF values of 20-40% of control (Le., 0.23-0.47 ml g -1 min -1 ) , corresponding to the isch emic borderzone. The upper pseudocolor cali bration bars apply to LCBF (left), LCMR g ,c (mid dle), and the CMR g 1c/CBF ratio (right), respectively. Top image row: Averaged LCBF images, showing the ischemic borderzone of the right hemisphere at five coronal planes (lev els in mm are bregma +2.0, +0.7, -1.1, -4.0, and -7.3) (Paxinos and Watson, 1982) . [White denotes pixels having LCBF >40% of control, and black denotes pixels in which LCBF is in the ischemic core range «20% of control).] Middle image row: Averaged LCMR g ,c images of the ischemic borderzone (same levels as the top row). Third image row: Averaged CMR g 'c/CBF ratio images of ischemic borderzone at the same coronal levels. B: Three-dimensional re construction of CMR g 1c/CBF ratio for those pix els having LCBF of 20-40% of control (see text). This reconstruction is based upon coronal sec tions taken every 100 IJ-m and separated in the image by 200 IJ-m. [Note that subcortical ratio pixels are visible throughout the ischemic core ("see-through" effect) at sites where the surface pixels have zero values owing to the above mentioned LCBF threshold criterion.] values exceeding the (upper) 95% confidence limit of this mean ratio, i.e. , 108 fLmolllOO ml, were con sidered to be significantly increased. The nonisch emic hemisphere showed no focal areas with signif icantly increased CMR g lc/CBF ratio. In the affected hemisphere, significant uncoupling was confined to the cortex. Within the infarct borderzone (defined as LCBF 20-40% of control), the mean CMR g lcl CBF ratio increased nearly fivefold to 234 ± 100 fLmoll100 ml, ranging between 108 and 490 fLmoll 100 ml (Fig. 3) . These findings indicate that, at 1.5 h after MCA occlusion, CMR g lc was well maintained in the infarct border despite CBF values close to the threshold of ischemic injury. At flow values above 0. 30 ml g -1 min -1, varying degrees of glucose hy permetabolism (ranging up to a fourfold elevation) accounted for the considerable increase of the CMR g lc/CBF ratio ( Figs. 3 and 5 ). Relationship between reduction of blood flow or metabolism and hemispheric volumes having local CBF (LCBF) or local CMR g lc (LCMR g lc) values below certain thresholds of the respective variable. Thresh old volumes were determined in individual animals of groups studied for either LCBF or LCMR g lc' Interanimal variation is displayed as SO error bars at every level of CBF or CMR g lc reduction (ranging from 5 to 50% of control). Means were tested for statistically significant intergroup differences by analysis of variance followed by Tukey ' s test, which corrects for multiple comparisons. CBF threshold volumes that were significantly greater than the corresponding CMR g lc threshold volumes are indicated by asterisks. Note the increasing discrepancy between CBF and CMR g lc volumes, especially at flow values higher than 20% of control.. 
EEG and DC potential measurements
In eight experiments, a total of 46 negative DC deflections (4-9/animal) was recorded in the fronto parietal borderzone of the infarcts, where marked uncoupling was observed [cf. Figs. 1 (template A) and 3A]. Figure 6 shows a typical recording with repeated waves of periinfarct depolarization. Induc tion of ischemia and onset of DC negativation were accompanied by a reduction in EEG amplitude. The amplitude of the epidurally measured DC transients was 7.3 ± 3.6 mY. In seven of eight rats, the initial depolarization occurred within 5 min following MCA irradiation (i.e., before bilateral CCA occlu sion) with a latency of 2.1 ± 0.5 min. In eight ani mals, a total of 35 DC shifts was detected during the first 65 min and showed a significant increase in duration over this period (Fig. 6 ; Table 3 ). The cor relation between the duration of DC shifts and their FIG. 6. Original recordings of EEG and DC potential measured in the ischemic penumbra of a rat undergoing photo thrombotic middle cerebral artery (MCA) occlusion. The arrow on the left indicates the time of rose bengal injection. Right MCA occlusion (MCAO) was achieved by laser irradiation at three distal sites of the vessel. Both common carotid arteries were subsequently ligated (CCAO). One hour later, the contralateral (left) CCA was released. Note the increasing dura tion of depolarizations during the initial 30 min postocclusion. C Ten DC shifts were measured in five animals; one anoxic depolarization was not included . time point of occurrence (n = 35, measured 0-65 min post-MCA irradiation) was highly significant (r = 0.58, p < 0.001) (Fig. 7) . After release of the contralateral CCA, the frequency of negative DC transients was diminished from 4.0 to 0. 8 DC shifts/h for the remaining period of observation. The duration of DC shifts from 65 min postocclu sion onward was indistinguishable from the short lasting initial depolarization. In one animal, a tran sition from repeated DC transients into terminal an oxic depolarization was observed 95 min following MCA occlusion. Sham-operated animals displayed normal electrophysiology; brain histology 1 day af ter operation was also normal.
DISCUSSION
To the best of our knowledge, the present inves tigation is the first to utilize 3D reconstruction of averaged autoradiographic images to demonstrate acute focal ischemia-related metabolism-flow un coupling. In this model of distal MCA occlusion, giving rise to widespread cortical ischemia, we were able to demonstrate marked metabolism-flow un coupling in the cortical borderzone of the ipsilateral hemisphere-a region that underwent repeated sus tained cell depolarizations. The morphological con sequences of this model of distal MCA photothrom bosis coupled with I-h contralateral and permanent ipsilateral CCA occlusion have been under exten sive investigation in our laboratory (Markgraf et aI., 1993; Yao et aI. , 1993) . A comparison between the CBF data of the present study and the infarct pat tern previously observed in this model (Markgraf et aI. , 1993) reveals a spatial coincidence between the volume of the low-flow region «0.23 ml g -1 min -1) of the present study (117 ± 55 mm 3 ) and the volume of overt infarction 3 days after the induction of stroke in the previous study (131 ± 40 mm 3 ) (Markgraf et aI. , 1993) . The slight difference in vol umes may be explained by the fact that the thresh old of ischemic injury increases with increasing du ration of ischemia (Heiss and Rosner, 1983 between 0.23 and 0.47 ml g-1 min -1 in accordance with the findings of Tyson et al. (1984) , who ob served in MCA occlusion in the same rat strain that LCBF in regions with histological damage was al ways <0.25 ml g-1 min-I, whereas in regions with flow values between 0.25 and 0.35 ml g -1 min -1 , no consistent correlation between LCBF and histolog ical changes was evident. These threshold values are considerably lower than the ones reported by Jacewicz et al. (1992) , who studied spontaneously hypertensive rats-a strain known to be more sus ceptible to large infarcts than normotensive strains.
In the present stroke model, the severity of col lateral flow impairment is reflected in the large vol ume of tissue (136 mm3) having LCBF values be tween 20 and 40% of control. By contrast, the tissue compartment showing CMRglc suppression below 50% of the contralateral value was smaller than the volume of the ischemic core (defined as having CBF below 20% of control). In the ischemic borderzone (i.e., CBF 20-40% of control), LCMRglc was either only slightly impaired or, in circumscribed areas, showed elevations ranging up to fourfold. Apart from the early time point of the autoradiographic study, one explanation for this surprising mainte nance of glucose metabolism despite moderate to severe degrees of ischemia is the fact that, owing to collateral channels, the transport capacity for glu cose is not as readily exhausted as the oxygen trans port capacity of the blood. This also explains why tissue glucose content is preserved within small MCA lesions even 7 h after MCA occlusion (Back et aI., 1994b) .
This consideration is of importance for the calcu lation of LCMRglc in ischemic brain because deple tion of tissue glucose alters the lumped constant of the operational equation for local glucose utilization (Sokoloff et aI., 1977) . There is evidence that 1 h after MCA occlusion, the rate of glucose utilization is still unchanged (Nakai et aI., 1987) . In the cortical periinfarct zone, the lumped constant was found to be near normal (N edergaard et aI., 1986). It has been suggested that the 2-DG model may produce erroneous values of LCMRglc when blood flow falls below 0.10 ml g-1 min -1, and that without correc tion an �8% underestimation of LCMRglc occurs_ at flow rates of 0.05 ml g -1 min -1 (Tanaka et aI., 1985; Ginsberg, 1990 (Dietrich et' aI., 1994) , both the heterogeneity of LCMRglc in the borderzone and the widespread distribution of sig nificantly increased CMRglc/CBF ratio values can be explained by the metabolic consequences of periinfarct DC potential shifts.
The average CMRglc/CBF ratio determined in the hemisphere contralateral to MCA occlusion corre sponded closely to baseline ratio values of previous reports (Ginsberg et aI., 1986 (Ginsberg et aI., , 1987 Tanaka et al., 1985) could be elegantly circum vented. The approach of 3D reconstruction is par ticularly valuable as alterations occur at variable distances surrounding the infarct core and in an ir regular configuration. Topographic analysis of the steep flow gradient across the ischemic focus also benefits from the improvements available through 3D image analysis. In addition, 3D reconstruction makes it possible to apply threshold analysis to brain volumes rather than two-dimensional brain sections, providing a novel means of assessing me tabolism-flow correlations.
The comparison of ipsilateral brain volumes af fected by comparable degrees of flow reduction ver sus metabolic depression (Fig. 4) clearly shows that disparity in these two volumes is most pronounced at flow values above 15% of control. As LCMRglc is likely to be underestimated at very low flow rates (Tanaka et aI., 1985; Ginsberg, 1990) , this strength ens the notion that metabolism-flow uncoupling is a phenomenon particularly evident in the infarct bor derzone. Since the infarct rim is characterized his tologically as a transition zone of scattered neuronal cell loss (Mies et aI., 1983) , the amount of which can be attenuated by hyperglycemia (Nedergaard and Diemer, 1985) , uncoupling of metabolism and blood flow may be regarded as a major pathophysiological event leading to this type of ischemic injury. This is in agreement with the findings of Tanaka et al. that the ischemic penumbra is a highly dynamic structure that moves toward the periphery while the infarct core grows over time (Kohno et aI., 1994) . It is likely that, during this dynamic process, the un coupling of metabolism and flow reaches a degree of dissociation that leads to irreversible ischemic damage. However, further investigations are needed to correlate the extent and distribution of metabolism-flow uncoupling to morphologic alter ations within the evolving ischemic lesion,
